We have studied the step-step interactions on the Pt(997) vicinal surface. Grazing incidence X-ray diffraction (GIXD) allowed us to measure the elastic atomic relaxations near the surface due to the steps. By means of the model of buried elastic dipoles, within the framework of anisotropic linear elasticity (ALE) calculations, the surface stress of Pt(111), and the elastic interaction between steps are deduced. The values so-obtained are compared to the values previously measured on the Pt(779) surface with the same technique. The comparison shows the strong influence of step geometry on step interactions.
Introduction
Among vicinal surfaces of transition and noble metals, (111) platinum vicinal surfaces have attracted a considerable interest. In particular, due to the high regularity achieved by the array of monoatomic steps obtained when cutting a Pt crystal a few degrees from the (111) direction, such surfaces have been used as nucleation centers for the guided growth of metallic nanowires [1, 2, 3] . The specific properties of Pt steps have also been enlightened in numerous catalysis studies [4, 5, 6] . Beside this technological interest, fundamental properties of platinum stepped surfaces (atomic relaxations, thermodynamics...) have been investigated by various experimental techniques such as scanning tunneling microscopy (STM) [7, 8, 9, 10] , low energy electron microscopy (LEEM) [11, 12] , and grazing incidence X-Ray diffraction (GIXD) [13, 14] . Theoretical investigations have also been performed using semi-empirical potentials [15] , tight-binding (TB) approximation [16] , embedded atom method (EAM) [17] or density functional theory (DFT) [16, 18, 19, 20] .
As compared for example with similar copper surfaces for which numerous studies were performed [21, 22] , there is still little data available on the energetics of Pt (111) vicinal surfaces. Concerning the relative energy of steps, STM experiments [7] have first shown that the free energy of steps with {111} microfacet orientation was 13% lower than the free ) [20] .
The magnitude of the A constant for the 2 / d A elastic interaction between steps was more controversial. From the STM measurement of the terrace width distribution on Pt(997), a surface with (111) terraces and {111} steps, a first value of the interaction energy constant of = A 2.4 eV.Å [23] was deduced, which value was further re-evaluated in a more refined analysis to the value of = A 6 eV.Å [24] . In contrast, a value of only 0.5 eV.Å [14] for the elastic interaction energy between steps has been determined from the GIXD measurement of elastic relaxations on Pt(977), a surface with (111) terraces and {100} steps. Since it is generally assumed that the major contribution to the step interaction comes from elastic interaction [14, 25] , the difference between the two sets of measurements, by GIXD for {100} type steps and from the TWD measurement for {111} steps, cannot be attributed to the influence of other interactions, not accessible by GIXD, such as electronic interactions or electrostatic interactions between steps. It is at first surprising to find such a huge difference on the A value between these step orientations on Pt(111) vicinal surfaces, whereas the step formation energies A β and B β are found to be very similar.
These differences give rise to suspicion that something was misunderstood or that other effects remain to be discovered in our understanding of vicinal surfaces, thus casting doubt on all the theories developed to model these systems. Thus some effort has to be made to answer the question of the origin of the difference observed between {111} and {100} steps on Pt(111) vicinals: we have studied by GIXD the atomic relaxations near the surface of Pt(997) and compared the results with those obtained by the same technique on Pt(779). The paper is organized as follows. The experiment is described in Section 2. The results are analyzed in detail in Section 3 in the frame of the buried dipole model. We show that a quantitative value of the step interaction energy can be derived from the measurements or from the calculation of the atomic displacements. Section 4 is devoted to a general discussion and to the conclusion.
Experimental

Sample preparation
GIXD experiments were performed on the ID3 beamline at the ESRF storage ring. The sample was a disk of 1 cm diameter, with one side polished and oriented along the (997) direction. The sample was positioned and prepared inside an ultrahigh vacuum chamber that was coupled to a six-axis diffractometer. Sample cleaning was achieved by cycles of Ar sputtering at 2 kV for 2 h at a pressure of 7.10 -5 mbar, followed by heating during 5 min at 650°C under 5.10 -7 mbar O 2 and final annealing during 2 min at 850°C under UHV. After several cycles of sputtering and annealing, no carbon nor oxygen contaminations could be detected by Auger electron spectroscopy.
Sample geometry
The Pt(997) surface consists of (111) r is oriented along the step edge.
The corresponding h , k , and l indices are used for indexing a reflection in reciprocal space. The reciprocal-space transformation from the surface coordinate ( hkl ) to the standard fcc coordinates ( HKL ) is given by: 
GIXD measurements
For GIXD measurements, monochromatic X-rays with a photon energy of 17 keV were selected by using a Si(111) monochromator. The incidence angle was kept fixed at 1° of the (997) surface. The scattered X-rays were detected using a NaI scintillation counter. Voigt curves were used for integration of the profile of the rocking scans and deriving the diffracted intensity. The standard instrumental correction was applied to the structure factors for taking into account the geometry of the diffractometer. In Fig. 3 , all data points are presented as a function of the momentum transfer l~ along l with respect to the value corresponding to the nearest Bragg spot:
Raw experimental results
As can be seen, sharp intensity variations occur for all rods at the same relative position l~. For example, along the (34 0 l ) and (36 0 l ) rods, the diffracted intensity has a minimum at ≈ l~12; along the (32 0 l ) and (34 0 l ) rods, the diffracted intensity has a minimum at ≈ l~34.
Apart from these minima, very sharp variations of the structure factors are clearly visible, for example, around at ≈ l~-25 for the (38 0 l ) rod or at ≈ l~25 for the (32 0 l ) rod. These abrupt variations occur in a very narrow domain of l values. They are thus related in real space to slowly varying atomic displacements extending deep into the bulk of the crystal. As has been pointed out previously [26] , they are related to the elastic displacements due to atomic relaxations near the step edge; they will be now discussed in detail.
It is also worth noting that the width of the CTRs varies slowly with l, allowing measurement of the rod intensities far from the Bragg peaks. This is the first indication that the steps are well ordered and that the surface may be below its roughening transition.
Analysis
Elastic modes and diffraction spectrum
Elastic modes
The variations of the diffracted intensity for a stepped surface is associated with the elastic relaxation modes near the surface of the crystal [26] . Atomic relaxations for atoms in the vicinity of the step edge occur due to the change in the number and symmetry of neighbouring atoms, and to the modification of the local electronic density of states near the steps. Since the steps form a periodic network of straight lines at the surface of the crystal, the elastic displacements at the surface can be written in a Fourier series:
where d is the interstep distance and p is an integer. 0 pq is thus multiple of the reciprocal unit vector in the x direction (parallel to the surface and perpendicular to the step). In our case, there is no dependence of u r with y (direction parallel to the step) due to symmetry reasons. The periodic surface relaxations propagate elastically into the bulk and the displacements of bulk atoms keep the surface periodicity, with depth dependant phase and amplitude:
where, for each mode considered, n κ is a complex numbers that reflects the crystal anisotropy (see below) and determines the phase and amplitude variation of u r with depth. We have
(2) can be rewritten in a more concise way: and decays more slowly into the bulk, and the attenuation length for the first harmonic is 5.2 Å. For each mode, the real part of κ defines the very same variation of the phase with depth for all Fourier components. This defines specific directions that reflect the elastic anisotropy of the medium. Due to the large attenuation length of elastic modes, the relaxations of many non equivalent atoms (around 20 atoms for such a depth) have thus to be taken into account in order to fit correctly the GIXD results. However, since these relaxations are not independant, the number of free parameters for the fitting procedure is restricted.
Diffraction spectrum
A first order expansion of the expression of the diffracted amplitude allows us to easily interpret the GIXD results [26] : 
Model for surface relaxation and atomic displacements
Atomic displacements due to step relaxations have been shown to be the same as elastic displacements due to lines of force dipoles applied on a flat continuous interface, with the same periodicity as the steps [29, 28] . Using Hooke's law and mechanical equilibrium at the surface and in the bulk, it is possible to derive analytically the elastic displacements due to such dipoles. For this purpose, one generally assumes that the lines have a lorentzian shape in the x direction [27, 28] .
However, for a given vicinal surface, the dipole orientation, the position with respect to the step edge and the lever arm orientation of the dipoles are a priori unknown. These parameters can be adjusted to reproduce the relaxations given by numerical simulations. This has been performed for vicinal surfaces of transition metals, using a model with semiempirical potentials derived from tight binding considerations [15] . However, the comparison with GIXD experimental results for Cu and Pt vicinals [14, 25] shows that the predicted In our calculation, the roughness is taken into account in the frame of the model of Robinson [30] . In this model, suitable for a weakly rough surface, each plane above the reference surface is characterized by a fractional occupancy ) (n p , which is the probability of finding an atom in the n th plane. In the model of Robinson, ) (n p follows an exponential attenuation: ) (n p = n ξ . = ξ 0 for an ideal surface and = ξ 1 for a surface above the roughening transition (where all planes are equiprobable and no reference plane could be defined anymore). The diffracted amplitude measured is then attenuated by a factor:
where Bragg l is the position of a Bragg spot along the rod and where l ∆ is the distance between two consecutive Bragg spots along a rod (in our case, i.e. using surface coordinates
The fit is performed by means of a mapping of the parameter space (nine free parameters), combined with the Levenberg-Marquardt method [31] . A good fit of the experimen,tal structure factors is obtained with the elastic dipole intensities The roughness factor used for this fit, β =0.59±0.08, is small, considering the fact that the terraces have a large width of 9 atomic rows. This shows that the surface is well below its Kosterlitz-Thouless roughening transition. Due to surface roughness, the maximum attenuation of the measured structure factors, in our measurements, is equal to 0.4. In Fig. 4 is displayed the comparison between measured and simulated structure factors, using atomic positions from the continuous elastic model. The different parameters of the dipole used are given in Table 1 , whereas a scheme of the dipole is drawn in the top right corner of Fig. 4 .
The corresponding elastic displacements are drawn in Fig. 5 . The displacements depend mainly on the lever arm orientation Ω and on the p values ( S p and T p ). The relaxation of the two first terrace planes, 1 dz and 2 dz appear as negligible, and could be fixed to 0 without changing the quality of the fit. As it is displayed in Fig. 5 , one observes along the [ ] 
Surface stress
It is interesting to have a precise measure of T p since its value can be directly related to the surface stress of the nominal surface Step τ h p T = should not depend on the step orientation. In a first attempt, the GIXD experimental data on Pt(779) [13] were interpreted by means of a Green function numerically computed from semi-empirical potentials derived from tight-binding considerations, where the force distribution considered was a dipole applied to the step edge and step corner atoms [14] . A surface stress value Let us recall that if the elastic displacements are directly determined by fitting the experimental structure factors, the force distribution is derived assuming three main assumptions:
-standard linear elasticity is valid; -the surface is the limit of a semi-infinite continuous half-space;
-the elastic constants are the same everywhere within the bulk, up to the surface.
In fact, the linear elasticity calculations do not take into account modifications of the elastic constants near the surface and more especially near step edges. Actually, it is shown through a model with suitable manybody interaction potentials that a stiffening of some elastic constants occurs near steps of vicinal surfaces of transition metals [34] . Such an effect would reduce the atomic displacements for one given applied force. By using bulk elastic constants for the elastic calculations, one neglects this effect, and the fit of the atomic displacements
gives an undervalue of the dipole density.
Another alternative may be that the experimental T p value would be slightly underestimated due to step disorder. As pointed out in [26] , thermal step disorder reduces the contribution of integer-order harmonics in the Fourier decomposition of the elastic displacements, leading to a decrease of the amplitude of the satellite associated with the elastic mode considered. However, such an attenuation is here well taken into account by means of the Robinson model for surface roughness (see Eq. (5)).
Step-step elastic interactions
The elastic interaction energy between two straight steps can be obtained from the value of the elastic dipoles experimentally measured. The interaction energy Int β between two force dipoles is inversely proportional to the square of the step-step distance [29] :
The total free energy β of a regular array of steps is thus the sum of the isolated step formation energy 0 β and this step-step interaction: The coefficient A depends on the elastic constants of the substrate, and on the characteristics of the dipoles (lever arm orientation, stretch and torque component). It can be analytically computed [27] . In particular, A depends quadratically on p , with a prefactor depending on the lever arm orientation Ω and on the orientation ϕ of the forces acting on the lever arm.
Using the values of the elastic dipoles determined by GIXD for Pt(997), and equations given in ref. [27] [35] . Note that for both surfaces, we have chosen the convention that steps are ascending from the left to the right, so that the ] 0 1 1 [ axis is oriented in opposite direction for the two surfaces. However, the crystalline anisotropy is not at the origin of the strong variations of ) , ( 2 ϕ Ω E observed. These variations are due to the buried nature of the elastic dipole, and similar effects would be observed on isotropic crystals, or on crystals with reverse anisotropy [27] . The geometry of the step plays thus an important role for the dipole orientation. However, it seems not possible to correlate precisely the step geometry to the dipole orientation (lever arm orientation Ω and force orientation ϕ ).
Discussion and conclusion
Discussion
The present result for the step-step interaction energy ( = A 1.4 eV.Å) by GIXD measurements on Pt(997) is lower than the values obtained from the analysis of STM measurements of the step fluctuation : from the measurements of the terrace width distribution (TWD) on the (997) surface [8] , the first value of = A 2.4 eV.Å [36] has been deduced and reevaluated to = A 6 eV.Å in a subsequent analysis of the TWD [24] .
We have used the recent STM measurements [10] of the step stiffness on Pt(111) to reanalyze the results of Hahn et al. [8] . Since it is not the aim of this paper to discuss how step interactions energies can be derived from TWDs, we shall only mention the procedure used in our present analysis. The TWDs were analyzed in the capillary wave approximation [37, 38] . In this model, the kink formation energy along a step k E and the step interaction energy A are analytically related to the step stiffness β and to the variance 2 w of the TWD.
In such a model, using the experimental values and β =1.16 eV/at measured respectively at 900 K [8] and at 653 K [10] , one gets k E =0.223 eV/at for the kink energy and = A 2.60 eV.Å for the step interaction energy, in agreement with ref. [23] . Note that the use of the capillary wave approximation in the analysis of the data is valid if the measurement temperature is above the roughening temperature R T . Firstly, this is qualitatively shown by the wide TWD measured [8] , much larger than the universal TWD at R T [37] . Secondly, the obtained k E and A values lead to R T = 570 K, which validate our approximation.
We cannot exclude that these values are overestimated and marred by a high uncertainty since the determination of the step stiffness and of the TWD were done in two different experimental studies and at two different temperatures [8, 9] . Note also that the simple analysis of the TWD as performed in [36, 24] or in the present paper is rather rough since only one point of the step-step correlation function is considered. Only a full 2-d analysis of the step roughness, like the consistent analysis of GIXD and STM measurements of the full correlation functions (see [39] for Cu(115)) or the present GIXD measurements on large segments of the CTRs with the subsequent elastic analysis allows extracting much more accurate values of the step interaction constant.
Our measurements confirm that step interactions are much higher on Pt vicinals than on Cu vicinals [25, 36, 24, 38] Our results can also be used for the comparison of the isolated step free energy on the two types of (111) vicinals. STM measurements undoubtedly show that the free energy of steps on Pt(111) is anisotropic [7] . More precisely, the free energy of steps with {111} microfacet orientation is 13% lower than the free energy of steps with {100} microfacet orientation. This ratio is accurately obtained from the observation of the shape of large islands for which elastic interactions should be negligible. On the contrary, DFT calculations have been performed on vicinals with a small interstep distance: (331), (221), (211) and (533), with three or four atomic rows per terrace [18, 19] or on a nominal surface with striped islands [20] . In all cases, the contribution of the step-step interaction to the step energy is not negligible: if one extrapolates the elastic interactions between steps, using Eq. 7 with the values of 2 E determined by GIXD, one finds that the contribution of the elastic interaction energy to the step energy should be, for example, of 0.092 eV/atom for Pt(221), and 0.025 eV/atom for Pt(533). As a result, the step energy, extrapolated from the experimental measurements of the island shape fluctuations and from the GIXD experiments should be 0.373 eV/at for Pt(553) steps and 0.392 eV/at for Pt(221) steps. Our experiments show that at such small distances, the energy anisotropy for isolated steps is compensated by step repulsive interactions that are higher for {111} steps than for {100} steps. Note that this does not allow to recover the values of step energies computed by DFT [18, 19] , except for (221) steps in ref. [19] (see Table 2 ).
Of course, at such small interstep distances, Eq. 7 is not strictly valid. Higher order terms are not negligible and lead generally to a reduction of the elastic interaction energy, with respect to the from tight-binding consideration [15] have shown that for Pt(221), the elastic energy was reduced by 26% with respect to the value extrapolated from Pt(997), whereas this reduction was of 12% for Pt(335) with respect to the value determined for Pt(779).
However, this shows that step energies computed on vicinal surfaces with a high miscut cannot directly been used for determining step energy of isolated steps without any estimate of the step interaction energy.
Conclusion
We have measured by GIXD the Crystal Truncation Rods of a Pt(997) surface. The data has been analyzed by a model based on linear elasticity. We have shown that the model of a buried dipole reproduces well the atomic displacements due to steps. The good agreement between experimental and calculated structure factors allows us to determine with good precision the characteristics of the force distribution at the steps.
The value so-obtained of the elastic dipole allows us to measure a value of 4.9 Nm -1 for the surface stress of the Pt(111) terraces and a coefficient of the step-step elastic interactions of = A 1.4 eV.Å. These results compare well with results of DFT calculations of the surface stress [18, 33] and STM measurements of the step interactions [23, 24] .
By comparing our results on Pt(997) with previous measurements performed with the similar technique on Pt(779), we find that despite the fact that elastic dipoles have nearly the same density for these two surfaces, the elastic interactions are 3.5 times higher on Pt(997) than on Pt(779). The differences between these two surfaces, which are mainly due to the orientation of the dipole lever arm with respect to the surface plane, show the importance of the step geometry on the elastic interactions. In the first column are given the values found from STM analysis of the island shape fluctuations on Pt(111) [10] , in column 2 are given the values determined by GIXD from the present analysis, column 3 is the sum of the first two columns, whereas the results of DFT calculations [18, 19] are given in the last two columns. Table 1 . The schematic of the force dipole used for fitting the X-rays is drawn in the top right corner. The experimental values found for Pt(997) (resp. Pt(779)) are indicated by a flag on the graphs; they correspond to = Ω 173° and = ϕ 154° (resp.
= Ω 101° and = ϕ 21° ).
